Using checkerboard and time-kill assays, we evaluated the in vitro activity of quinupristin-dalfopristin (RP 59500) alone and in combination with five other antimicrobial agents against 12 clinical strains of vancomycinresistant Enterococcus faecium (VREF). In time-kill studies, six VREF strains exhibited synergism with the combination of quinupristin-dalfopristin and doxycycline and three exhibited synergism with quinupristindalfopristin plus ampicillin-sulbactam. Combinations of quinupristin-dalfopristin with these and other agents warrant further clinical evaluation for the treatment of serious VREF infections.
Enterococci are recognized to be important nosocomial pathogens, capable of causing serious and potentially lifethreatening infections. Bacteremic enterococcal infections, such as endocarditis, are typically treated with a combination of antimicrobial agents in order to achieve bactericidal activity. The past decade has seen the emergence of enterococci increasingly resistant to ampicillin, high-level aminoglycosides, and glycopeptides (8) . Such resistance has occurred most frequently in Enterococcus faecium and is typically associated with resistance to nearly all currently available antibiotics (7) . Vancomycin-resistant E. faecium (VREF) has now become endemic in many hospitals. Treatment of serious infections caused by these organisms is problematic, and no single agent is reliably bactericidal against VREF. Consequently, newer agents or combinations of drugs with enhanced activities against vancomycin-resistant enterococci are needed.
Quinupristin-dalfopristin (RP 59500) is a semisynthetic injectable streptogramin compound which has been reported to possess good in vitro activity against gram-positive organisms, including VREF, although the drug has minimal activity against Enterococcus faecalis (2) . Composed of two pristinamycin derivatives, quinupristin-dalfopristin inhibits protein synthesis by irreversibly binding to the 50S ribosomal subunit. It is the formation of this stable complex which may account for its often bactericidal and prolonged postantibiotic effects against a wide variety of gram-positive bacteria. However, quinupristin-dalfopristin has often been found to be bacteriostatic against enterococci (4), and bactericidal activity may require the use of this drug in combination with other antimicrobial agents. Therefore, the objective of this study was to assess the in vitro activities of quinupristin-dalfopristin alone and in combination with other antimicrobials against clinical strains of VREF by checkerboard and time-kill methodologies.
Twelve epidemiologically unrelated clinical isolates of VREF (four blood culture isolates, seven rectal swab isolates, and one urinary isolate) were used in this study. Bacterial identification to the species level was confirmed by standard laboratory methods. The isolates were characterized by pulsedfield gel electrophoresis (13) to confirm that they were genetically unrelated. The glycopeptide resistance genotypes (vanA, vanB, and vanC) were determined by a multiplex PCR assay (5, 16) .
Checkerboard susceptibility testing was done by a previously described broth microdilution method (6) which also allowed for the concurrent determination of the MIC of each antimicrobial agent tested. Testing was performed with cation-adjusted Mueller-Hinton broth (CAMHB; Difco Laboratories, Detroit, Mich.), with a final inoculum concentration of approximately 5 ϫ 10 5 CFU/ml. The broths were incubated in ambient air at 35°C for 24 h in accordance with the guidelines of the National Committee for Clinical Laboratory Standards (15) . The antimicrobial agents (drug concentrations in parentheses) assayed included vancomycin (0.25 to 32.0 g/ml), ampicillinsulbactam (0.25 to 128.0 g/ml), doxycycline (0.125 to 16.0 g/ml), chloramphenicol (0.25 to 32.0 g/ml), and sparfloxacin (0.06 to 8.0 g/ml), each of which were used in combination with quinupristin-dalfopristin (0.06 to 8.0 g/ml). Control strains for checkerboard susceptibility testing included Staphylococcus aureus ATCC 29213, E. faecalis ATCC 29212, Escherichia coli ATCC 35218, and Pseudomonas aeruginosa ATCC 27853. The fractional inhibitory concentration index (⌺FIC) was calculated for each drug combination. A ⌺FIC of Յ0.5 was interpreted as indicating the presence of synergy; a ⌺FIC of Ͼ0.5 but Յ1 was interpreted as indicating additivity; a ⌺FIC of Ͼ1 but Յ4 was interpreted as indicating indifference; and a ⌺FIC of Ͼ4 was interpreted as indicating the presence of antagonism (6, 12) .
Time-kill studies were performed with selected antimicrobial combinations based on the checkerboard susceptibility test results and in accordance with National Committee for Clinical Laboratory Standards guidelines (14) . Overnight cultures were inoculated onto CAMHB and incubated for 3 h at 35°C to achieve logarithmic growth phase. The culture was adjusted to a 0.5 McFarland standard and was further diluted 10-fold and used to inoculate tubes containing either a single antimicrobial agent or the antibiotic in combination with quinupristin-dalfopristin in CAMHB. The antimicrobial agents were tested at subinhibitory concentrations which were no greater than one-half the MICs of quinupristin-dalfopristin, doxycycline, and ampicillin-sulbactam. Vancomycin was tested at a concentration of 20 g/ml, a concentration that is readily achievable in serum when standard doses of the drug are administered. All cultures contained an initial inoculum concentration of approximately 5 ϫ 10 5 CFU/ml. Tubes were incubated in ambient air without shaking at 35°C and assayed at 0, 4, 8, and 24 h. At each time point, aliquots were obtained and serially diluted in 0.85% saline and plated onto 5% Columbia blood agar plates (PML Microbiologicals, Mississauga, Ontario, Canada). Colony counts were determined following 48 h of incubation in ambient air at 35°C, and results were plotted on semilogarithmic paper as a function of time. By this method, colony counts as low as 1.6 log 10 CFU/ml could be detected. A subset of time-kill studies were done in duplicate in order to ascertain the reproducibility of the results. Synergy was defined as a Ն2-log 10 -unit reduction in colony count in comparison with the colony count for the most active single antimicrobial after 24 h of incubation.
The MICs of the antimicrobial agents tested and the glycopeptide resistance genotypes as determined by multiplex PCR are summarized in Table 1 . Eight of the isolates possessed a vanA genotype; for these isolates vancomycin MICs were Ͼ32 g/ml. The other four isolates possessed a vanB genotype; for these isolates vancomycin MICs ranged from 8 to Ͼ32 g/ml. The quinupristin-dalfopristin MICs for the 12 isolates ranged from 0.25 to 4.0 g/ml.
In checkerboard titration studies, all 12 strains of VREF demonstrated synergism when quinupristin-dalfopristin was combined with ampicillin-sulbactam at concentrations achievable in serum (Table 2) . Synergism was also seen with one VREF strain when quinupristin-dalfopristin was combined with doxycycline at achievable concentrations. Antagonism was observed with nine isolates when they were tested with quinupristin-dalfopristin in combination with sparfloxacin. All other antimicrobial combinations resulted in either additive or indifferent effects.
Time-kill experiments were done with quinupristin-dalfopristin in combination with either doxycycline, vancomycin, or ampicillin-sulbactam. Quinupristin-dalfopristin alone was not bactericidal against any of the VREF strains. A synergistic and bactericidal effect was found with at least one of the drug combinations in 7 of the 12 strains evaluated ( Table 2) . Six strains exhibited synergism with the combination of quinupristin-dalfopristin and doxycycline, three strains exhibited synergism when ampicillin-sulbactam was used, and two strains exhibited synergism with vancomycin. All other strains and drug combinations resulted in either an additive or an indifferent effect. Figure 1 illustrates time-kill study results, with one strain (strain 3) demonstrating synergism with quinupristindalfopristin plus doxycycline and with quinupristin-dalfopristin combined with ampicillin-sulbactam.
It has long been recognized that the treatment of serious bacteremic enterococcal infections, such as endocarditis, typically requires synergistic combination drug therapy in order to obtain bactericidal activity. With the emergence of glycopeptide and high-level aminoglycoside resistance in enterococci, this has been difficult to achieve. Several drugs and drug com- binations, including newer investigational agents, have been evaluated in vitro and in animal models (1, 3, 9, 11, 12) . However, these studies have generally used a relatively small number of VREF strains, and the results of these evaluations have been varied. In a checkerboard assay, the combination of quinupristin-dalfopristin and chloramphenicol was found to have an additive effect against 20 strains of VREF, but synergism was not demonstrated (12) . The combination of ampicillin plus vancomycin was not found to be synergistic against 11 strains of VREF by a time-kill test method (3) . Ampicillin plus ciprofloxacin exhibited in vitro activity against two VREF strains in time-kill studies, but this combination resulted in only modest efficacy when it was used in a rabbit model of experimental endocarditis (9) . Combinations of quinupristindalfopristin with either LY333328 (a new glycopeptide) or CL331,002 (a glycylcycline) resulted in a synergistic effect with two of four VREF strains in a time-kill study (11) .
In the present study, quinupristin-dalfopristin combined with ampicillin-sulbactam was found to have synergistic activity in the checkerboard analysis. However, these results should be interpreted with caution as they were confirmed with only 3 of the 12 strains by the time-kill test method. Moreover, checkerboard testing uses inhibition of bacterial growth as an endpoint, whereas time-kill studies have a bactericidal endpoint. The time-kill studies revealed that synergism resulting in bactericidal activity occurred most often (in 6 of 12 strains) when quinupristin-dalfopristin was combined with doxycycline. These results are similar to those reported by Aeschlimann et al. (1) , who found that in a simulated endocardial-vegetation model, there was more rapid killing of VREF with quinupristin-dalfopristin plus doxycycline than with either compound used alone. In addition, use of the combination of drugs appeared to prevent the emergence of resistance to quinupristindalfopristin.
Treatment of endocarditis, and possibly of other bacteremic infections due to enterococci, requires the use of antimicrobial agents with bactericidal activities against the organism. Although in vitro checkerboard and time-kill studies may indicate drug combinations with synergistic and bactericidal activities against VREF, clinical correlation is essential. Combined therapy with quinupristin-dalfopristin, doxycycline, and rifampin was found to be synergistic in vitro and was effective in the treatment of a case of VREF endocarditis (10) . The results of this study also suggest that the combination of quinupristindalfopristin with doxycycline, and to a lesser extent with ampicillin-sulbactam, may possess bactericidal activity against strains of VREF. Further evaluations of these and other drug combinations involving quinupristin-dalfopristin are warranted.
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